When expressed in epithelial cells, dopamine transporter (DAT) was detected predominantly in the apical plasma membrane, whereas norepinephrine transporter (NET) was found in the basolateral membrane, despite 67% overall amino acid sequence identity. To identify possible localization signals responsible for this difference, DAT-NET chimeras were expressed in MDCK cells and localized by immunocytochemistry and transport assays. The results suggested that localization of these transporters in MDCK cells depends on their highly divergent NH 2 -terminal regions. Deletion of the first 58 amino acids of DAT (preceding TM1) did not change its apical localization. However, the replacement of that region with corresponding sequence from NET resulted in localization of the chimeric protein to the basolateral membrane, suggesting that the NH 2 -terminus of NET, which contains two dileucine motifs, contains a basolateral localization signal. Mutation of these leucines to alanines in the context of a basolaterally localized NET/DAT chimera restored transporter localization to the apical membrane, indicating that the dileucine motifs are critical to the basolateral localization signal embodied within the NET NH 2 -terminal region. However, the same mutation in the context of wild-type NET did not disrupt basolateral localization, indicating the presence of additional signals in NET directing its basolateral localization within the plasma membrane.
INTRODUCTION
Transporters localized near sites of neurotransmitter release terminate the action of these transmitters by reuptake into neurons and glia (Uhl, 1992; Borowsky and Hoffman, 1995; Rudnick, 1997) . The transporters for dopamine, norepinephrine, and serotonin are high-affinity targets for drugs of abuse such as cocaine and amphetamines and for therapeutic drugs used to treat depression, obsessive-compulsive disorder, and other mental diseases (Ritz et al., 1987; Koe, 1990; Barr et al., 1992; Boyer and Feighner, 1992; Giros and Caron, 1993; Gu et al., 1994; Seeman and Madras, 1998; Smith et al., 1998) . Successful cloning efforts have established a family of Na ϩ -and Cl Ϫ -dependent transporters for neurotransmitters, amino acids, and other substrates (Guastella et al., 1990; Pacholczyk et al., 1991; Amara and Kuhar, 1993; Rudnick and Clark, 1993; Nelson and Lill, 1994) . Like other members of this family, the biogenic amine transporters, including dopamine transporter (DAT), norepinephrine transporter (NET), and serotonin transporter (SERT), were predicted from hydropathy analysis to contain 12 transmembrane domains with cytoplasmic NH 2 -and COOH-termini Giros et al., 1991; Hoffman et al., 1991; Kilty et al., 1991; Pacholczyk et al., 1991) . This topological model has been experimentally verified (Chen et al., 1998) . Although much effort has been focused on elucidating the structures and functions of these transporters, little is known about the determinants that allow them to be sorted to their proper domains within the plasma membranes of neurons and other cells. In addition to their neuronal localizations, NET and SERT are also found in the syncytiotrophoblast cells of the placenta (Ramamoorthy et al., 1993) .
The plasma membranes of polarized cells are divided into functionally and morphologically distinct domains with different lipid and protein compositions (Caplan and Matlin, 1989; Rodriguez-Boulan and Nelson, 1989) . The neuronal plasma membrane is composed of axolemmal and somatodendritic domains, whereas epithelial cells contain apical and basolateral plasma membrane domains. These two types of cells may share some mechanisms for sorting proteins to target membranes. Both epithelial cells and cultured neurons have been used to study the sorting behaviors of neuronal proteins (Dehoop and Dotti, 1993; Pietrini et al., 1994; Cidarregui et al., 1995; Ahn et al., 1996; Rongo et al., 1998; Poyatos et al., 2000) . On the basis of results of sorting studies with viral glycoproteins in both neurons and epithelial cells, Dotti and Simons (1990) proposed that the mechanisms responsible for axonal targeting in neurons may lead to apical sorting of the same proteins in epithelial cells. Several studies provided support for this model. For example, at least one GPI-linked protein (Thy1) that is apically targeted in epithelial cells was localized to axons when expressed in hippocampal neurons in culture (Dotti et al., 1991) Similarly, previous studies of neurotransmitter transporter localization found that the axonal ␥-aminobutyric acid (GABA) transporters GAT-1 and GAT-3 were localized apically when expressed in the polarized epithelial MDCK cell line, whereas the nonneuronal GAT-2 and betaine transporters were sorted basolaterally . These results are consistent with the proposal that epithelial cells target axonal proteins to the apical plasmalemma. However, several counterexamples have also been described, including the amyloid precursor protein (Haass et al., 1994) and a subset of GPI-linked proteins exogenously expressed in neurons (Lowenstein et al., 1994) . Furthermore, the basolateral targeting of axonal transporters DAT, NET, and SERT in LLC-PK1 cells and of SERT and NET in MDCK cells suggested that this simple model is not sufficient (Gu et al., 1996) .
Studies of the endogenous expression of biogenic amine transporters support their polarized expression in neurons. With the use of selective radioligands combined with autoradiography, DAT and NET were localized to brain regions containing high densities of release sites for each transmitter. For example, DAT ligands were found to bind to regions of the striatum known to contain dense innervation by dopaminergic neurons (Graybiel and Moratalla, 1989; Richfield, 1991) . The selective NET ligand nisoxetine (Wong et al., 1982) was used in autoradiographic studies to localize NET to regions of high noradrenergic innervation such as the nucleus locus coeruleus, the dorsal raphe nuclei and the paraventricular nucleus of the hypothalamus (Charnay et al., 1995; Ordway et al., 1997) . These studies have been extended by the use of selective antibodies against NET and DAT for immunohistochemistry at the light and electron microscopic level (Ciliax et al., 1995; Nirenberg et al., 1996b; Hersch et al., 1997; Schroeter et al., 2000) . These studies demonstrated that DAT and NET found in cell bodies were almost exclusively intracellular and that plasma membrane transporters were mostly found near sites of neurotransmitter release. These sites, however, were found not only at axon varicosities and terminals but also at dendritic locations where other elements of the release apparatus, such as synaptic vesicle proteins, were located (Nirenberg et al., 1996a; Schroeter et al., 2000) . Extraneuronal expression of NET has been reported in placental syncitiotrophoblast cells (Balkovetz et al., 1989; Ramamoorthy et al., 1993) . The transporter was enriched in apical plasma membrane vesicles isolated from these polarized cells. Thus, NET and DAT are selectively targeted to specific regions of neurons, although those regions are not exclusively axonal.
Epithelial cells provide a convenient expression system with which to identify the signals used for localization of neurotransmitter transporters and other proteins. The identity of signals responsible for localization of GABA transporters was addressed with the use of deletion constructs and chimeric transporters composed of complimentary portions of GAT-2 and GAT-3 (Muth et al., 1998) . These studies identified a sequence of 22 amino acids at the COOH-terminus of GAT-2 that was required for the transporter's basolateral distribution and was capable of directing GAT-3 to the basolateral surface when appended to the COOH-terminus of this normally apical polypeptide (Muth et al., 1998) .
Other basolateral targeting signals used in epithelial cells include tyrosine and dileucine based motifs (Trowbridge et al., 1993; Matter and Mellman, 1994) . Poyatos et al. (2000) demonstrated that two dileucine motifs in the COOH-terminal region of glycine transporter (GLYT-1) served as a basolateral localization signal in MDCK cells.
We reported previously that the distribution of DAT expressed in MDCK cells was predominantly apical, whereas NET was sorted to basolateral membranes (Gu et al., 1996) . The two transporters are very closely related with an overall identity of 67% in their amino acid sequences. They share many similar mechanistic properties but have distinct drug inhibition profiles. Previously, DAT-NET chimeric transporters had been constructed to identify domains responsible for the differences in transport properties and drug sensitivity between the two transporters (Buck and Amara, 1994; Giros et al., 1994) . To identify possible sorting signals in neurotransmitter transporters, we expressed several of these chimeric proteins as well as additional chimeras constructed from the two transporters in MDCK cells.
MATERIALS AND METHODS

Materials
Human cDNA encoding the norepinephrine transporter was a gift from Dr. Susan Amara (Vollum Institute, Portland, OR). Rat mAb raised against antigens from the large extracellular loop of human DAT (Hersch et al., 1997) was generously provided by Dr. Allan Levey (Emory University, Atlanta, GA). Antibody 43411 recognizing NET N-terminal (residues 585-602; Schroeter et al., 2000) was kindly supplied by Dr. Randy Blakely (Vanderbilt University, Nashville, TN). A mouse mAb against Na,K-ATPase ␣-subunit was described in a separate publication (Pietrini et al., 1992) . Secondary antibodies against mouse or rat IgG were purchased from Sigma (St. Louis, MO). Vector pRC/CMV was obtained from Invitrogen (San Diego, CA). Radiolabeled substrate 3,4-[7- 3 H]dihydroxyphenylethylamine (DA) was purchased from Du Pont NEN Research Products (Boston, MA). All other reagents were purchased from commercial sources.
Transfection and Cell Culture
The transporter cDNAs were subcloned into vector pRC/CMV carrying the neomycin resistance gene for selection. The transfection procedure is similar to the one previously described (Gu et al., 1994) . After transfection of plasmid DNA into MDCK cells, G418 was added to the culture medium at 0.9 g/l for 10 -15 d to select cells that had integrated the plasmid DNA into the cell genome. Surviving cells were pooled and sorted into 96-well plates by a fluorescence-activated cell sorter so that each well received only one cell. The clonal cell lines from each well were then tested for their DA transport activity. The parental MDCK cells were maintained in DMEM supplemented with 10% FBS and 2 mM l-glutamine at 37°C, 5% CO 2 . MDCK cell lines expressing transporters were maintained in the same medium plus 0.9 g/l of G418.
Immunocytochemistry
The procedure was similar to that described in a earlier article (Gu et al., 1996) . Parental or transfected MDCK cells expressing the transporters were plated at 50% confluence on Transwell tissue culture inserts (0.4-m filter pore size; Costar Co., Cambridge, MA), grown for 6 d and then grown 1 more day with fresh medium. Cells were first rinsed with PBS plus 1 mM MgCl 2 and 0.1 mM CaCl 2 (PBS/CM), fixed for 10 min in methanol at Ϫ20°C. After rehydration for 5 min in PBS/CM, the cells were permeabilized for 15 min in PBS/CM plus 0.3% Triton X-100 and 0.1% bovine serum albumin (permeabilization buffer) and then blocked for 30 min in GSDB buffer (16% goat serum [Sigma], 0.3% Triton X-100, 20 mM sodium phosphate, pH 7.4, 0.45 M NaCl; Gottardi and Caplan, 1993; Cameron and Williams, 1994) . The cells were then incubated for 1 h in GSDB with the rat anti-DAT antibody and the mouse anti-Na,KATPase ␣-subunit antibody. After three 5-min washes with permeabilization buffer, goat anti-rat IgG conjugated with FITC and goat anti-mouse IgG conjugated with rhodamine were added to the cells at 1:100 dilution and incubated for 1 h. At the end of the incubation, the cells were washed again three times with permeabilization buffer for 5 min each and once with 5 mM sodium phosphate, pH 7.5, for 15 min. The cells on filters were mounted on slides with coverslips in Vectashield mounting solution (Vector Laboratories, Burlingame, CA). Immunofluorescence was observed and analyzed with a Zeiss laser scanning confocal microscope (Thornwood, NY).
Transport Assay
Cells were plated at 50% confluence on 0.4-m pore size, 6.5-mm Transwell cell culture filter inserts and grown for 7 d. A cell monolayer growing on the porous membrane of the cell culture filter insert effectively separates each well into two chambers. The apical membranes of epithelial cells plated on these filters face the chamber above the cells, and the basolateral membranes face the lower chamber through the filter. After one wash each of the apical (upper chamber) and basolateral (lower chamber) sides of the monolayer with PBS/CM, the cells were incubated in PBS/CM containing [ 3 H]DA either in the upper or the lower chamber at 22°C. A 100-fold excess of unlabeled DA was added to the chamber not containing the labeled substrate. After 8 min, cells were washed three times by dipping the filters sequentially into three beakers containing PBS/CM buffer. After the washes, the filters with cells attached were excised from the insert cups, submerged in 3 ml Optifluor scintillation fluid (Packard Instrument Company, Downers Grove, IL) and counted in a Beckman LS-3801 liquid scintillation counter (Fullerton, CA). In separate experiments we measured the amount of radioactive substrate present on the contralateral side of the monolayer at the conclusion of a typical transport incubation. In agreement with previous results Ahn et al., 1996; Gu et al., 1998; Muth et al., 1998) , the amount of leakage was minimal (Ͻ0.4%).
RESULTS
To search for the signals responsible for localization of NET or DAT to opposite poles of epithelial cells, we generated stable MDCK cell lines expressing the previously constructed DAT-NET chimeras (Giros et al., 1994) . Cell lines expressing some of these chimeras had very low transport activity. Some of the chimeric proteins, particularly chimeras L and M (Giros et al., 1994) , were found in intracellular organelles or dispersed throughout the cell, with relatively little on the cell surface (our unpublished results). MDCK cell lines expressing two chimeric constructs, ND-A and DN-F showed robust activity for [ 3 H]DA uptake, relative to the other chimeras. Figure 1 shows diagrammatic representations of the predicted structures for DAT, NET, ND-A, and DN-F. ND-A contains about one quarter NET sequence, from the NH 2 -terminus through transmembrane domains TM1 and TM2 up to residue 133, with the remaining sequence from DAT (Giros et al., 1994) . DN-F, conversely, is composed of DAT sequence from the NH 2 -terminus through residue 434 and then NET sequence from TM9 through the COOH-terminus. We visualized the transporters by immunocytochemistry with the use of a rat mAb that recognizes the large loop between TM3 and TM4 (Ciliax et al., 1995) . The immunofluorescence micrographs of DAT and NET are Figure 1 . Schematic representation of DAT, NET, and their chimeric constructs. DAT, NET, and their chimeric constructs are presented schematically as having 12 putative transmembrane domains with their COOH and NH 2 termini on the cytoplasmic side of the plasma membrane. Bold and thin lines represent sequences from NET and DAT, respectively. ND-A is a chimeric protein consisting residues 1-128 from NET and 133-620 from DAT. DN-F consists amino acid 1-434 from DAT and the rest from NET (432-617). DAT⌬nt was constructed by deleting amino acid residues 2-59 from DAT. NntDAT was constructed by attaching the corresponding NET NH 2 -terminus (55 residues) to the deletion mutant DAT⌬nt.
shown in Figure 2 , A and C, for comparison. Figure 2 , panels B and D, shows fields identical to panels A and C, which were stained with an antibody against the Na,K-ATPase ␣-subunit, a basolateral membrane marker. The results show that DN-F was predominantly located in apical membrane, with some lateral staining ( Figure 2F ) similar to wild-type DAT. This result suggests that sequences unique to the COOH-terminal portion of DAT may not be required for its ability to reach apical membranes in MDCK cells. In contrast, replacement of the NH 2 -terminal portion of DAT with NET sequence targeted the chimeric protein ND-A to basolateral membranes ( Figure 2E ). This result suggests that either the NH 2 -terminal portion of DAT contains a required apical localization signal or that the NH 2 -terminal portion of NET contains a signal sufficient to localize the chimeric protein to basolateral membranes. We also attempted to assess the behavior of chimeric transporter DN-B, the reciprocal construct of ND-A (Giros et al., 1994) . Unfortunately, this chimeric construct did not express well enough in MDCK cells to give reliable information.
To investigate possible sorting signals in the NH 2 -terminal region of NET and DAT, we generated two additional mutant transporters, DAT⌬nt and NntDAT. There is a sequence of nine residues just before TM1 that is identical in DAT and NET, but the NH 2 -terminus of the two transporters preceding this stretch has little significant homology. This divergent NH 2 -terminus seemed likely to contain signals responsible for the sorting of NET, DAT, and the chimeras DN-F and ND-A. Therefore, we deleted residues from the DAT NH 2 -terminus up to the conserved residues preceding TM1 (amino acids 1-58) to make the deletion mutant DAT⌬nt (Figures 1 and 3) . Figure 2G shows that DAT⌬nt is found predominantly in the apical membrane of MDCK cells as with wild-type DAT. This result argues against the presence of essential apical sorting signals in the NH 2 -terminal region of DAT.
In contrast, when residues 1-58 of DAT were replaced with the corresponding sequence from NET, the resulting chimeric transporter NntDAT (Figures 1 and 3 ) was targeted to basolateral membranes ( Figure 2H ). This result suggests that the first 55 residues of NET contain basolateral localization information used by MDCK cells. Next we constructed three additional chimeric proteins, NntDATm1, NntDATm2, and NntDATm3 (Figure 3) , each of which contained different parts of the NET NH 2 -terminus attached to the NH 2 -terminus of the apically sorted DAT deletion mutant DAT⌬nt. Immunocytochemistry showed that addition of the first half (residues 1-28 in NntDATm1 and 1-19 in NntDATm2) of the NET NH2-terminus did not change the apical sorting of DAT⌬nt (Figure 4, A and B) . In contrast, addition of the second half (residues 29 -58, NntDATm3) to DAT⌬nt prevented accumulation of the transporter in the apical plasma membrane domain ( Figure 4C ). These results suggest that the 30 amino acid sequence region (NET 29 -58) contains basolateral localization information used by MDCK cells. In Figure 2 , some basal staining is apparent for chimeras ND-A and NntDAT. This was not a consistent finding but was observed sporadically for all basolaterally located mutants and does not represent a significant change in distribution from that of NET.
Within this 30-residue NET 29 -58 region, there are two pairs of adjacent leucine residues. Dileucine motifs have been implicated in surface delivery and localization of other proteins (Aiken et al., 1994; Matter and Mellman, 1994; Haney et al., 1995; Marsh et al., 1995; Gabilondo et al., 1997; Schulein et al., 1998; Poyatos et al., 2000) . To test the role of the dileucine motifs in the localization of NET in epithelial cells, we mutated the first dileucine motif (NntDATm4), the second dileucine motif (NntDATm5), or both dileucine motifs (NntDATm6) to pairs of adjacent alanine residues (Figure 3) . When expressed in MDCK cells, all three of these mutants were found in the apical and basolateral membrane (Figure 4, D-F) , suggesting that both dileucine motifs are important for excluding the polypeptide from the apical plasmalemmal domain. A significant level of intracellular fluorescence was apparent with NntDATm4, and to a lesser extent NntDATm5, suggesting that the distribution between internal and surface membranes was altered in these constructs. Although replacement of first dileucine motif (NntDATm4) noticeably altered the distribution between apical and basolateral plasma membrane domains, replacement of the second dileucine (NntDATm5) had a more dramatic effect, and replacing both (NntDATm6) led to a predominantly apical localization.
To evaluate the role that these dileucine motifs play in the localization of NET, we also mutated the same residues to alanine in native NET (NET⌬2LL). If these two dileucine motifs constitute the only basolateral localization signal in NET, then we would expect that the mutation would lead to mislocalization of the mutant. The results in Figure 4 , however, contradict this expectation, showing that NET⌬2LL is predominantly lateral in distribution, like native NET.
The immunofluorescence images clearly show the locations of these transporters and chimeras in transfected cells, but they do not indicate whether the proteins are functionally inserted in the plasma membrane. As an independent test for functional localization, we measured active DA transport from apical and basolateral sides of the epithelial cell monolayer. MDCK cells expressing DAT, NET, and the chimeric and deletion mutants were grown on tissue culture filter inserts. The cells grow as a monolayer that effectively separates each well in the cell culture plate into the apical and basolateral chambers. [ 3 H]DA was added either to the apical or the basolateral chamber, and the rate of DA accumulation was determined. Figure 5 shows the transport activities at the apical and basolateral surfaces of MDCK cells expressing DAT, NET, or the chimeric constructs and mutants. They are expressed as a relative percentage of the total transport activity from both membrane domains. The total transport rate varied with each construct, but most of the variation was due to the relative number of transfected cells in the population, as judged by fluorescence. The results show that most of the transport activity in DN-F, DAT⌬nt, NntDATm1, and NntDATm2 was located in the apical membrane of transfected MDCK cells, similar to DAT. In contrast, the transport activity of cells expressing ND-A, NntDAT, and NntDATm3 was present mainly in the basolateral membrane, similar to NET. Removal of the dileucine motifs in NntDATm4, NntDATm5, and NntDATm6 led to a progressive increase in the percentage of DA transport activity found in the apical membrane. As with the immunofluorescence results (Figure 4 ), replace- ment of the first dileucine motif (NntDATm4) was less effective than replacement of the second motif (NntDATm5). Also, mutant NET⌬2LL, which was distributed laterally by immunofluorescence (Figure 4) , was similar to NET in that transport of basolateral dopamine was much faster than for apical dopamine. Thus, the active transport data largely confirm the findings from immunocytochemistry.
Despite the general agreement between the two methods, there are instances where the transport results imply less polarized expression than the immunofluorescence results (e.g., DAT⌬nt, NntDATm6). This results from the fact that the two assays detect related but not identical features of transporter distribution. Immunofluorescence reports on surface density in a given plasma membrane domain. In contrast, transport studies reveal the total quantity of functional transporter exposed to a given side of the monolayer. Because the basolateral surface area of MDCK cells grown on filter supports exceeds their apical surface area by a factor of 4 -8, we believe that the relatively enhanced basolateral polarity detected by the uptake assay is consistent with the immunofluorescence pattern. Finally, it is worth noting that the apical-to-basolateral polarity ratio of other apical membrane proteins, such as influenza HA, as determined by biochemical methods, rarely exceeds 4:1, which is similar to the values reported here.
DISCUSSION
Epithelial cells provide an informative setting in which to test the sorting properties of membrane proteins. Both neurons and epithelial cells have distinct plasma membrane domains. In epithelia, the basolateral and apical membranes are separated by tight junctions and have different protein and lipid compositions (Gottardi et al., 1994) . Similarly, neurons have distinct axonal, somatic, and dendritic plasma membrane domains. Dotti and Simons (1990) put forward a proposal that the apical domain of epithelial cells corresponds to the axonal plasma membrane of neurons, and the basolateral domain corresponds to the somatic and dendritic plasma membrane. Results with expression of some GABA and glycine transporters Ahn et al., 1996; Poyatos et al., 2000) and a glutamate receptor (Rongo et al., 1998) in epithelial cells apparently support this proposal. However, results obtained with biogenic amine transporters (Gu et al., 1996) and other proteins (Haass et al., 1994; Lowenstein et al., 1994) indicate that the situation is more complex.
Biogenic amine transporters are known to be axonal in neurons on the basis of autoradiographic studies with highaffinity ligands (De Souza and Kuyatt, 1987; Richfield, 1991; Tejani-Butt, 1992; Little et al., 1993) and from more recent immunocytochemical studies at the electron microscopic level (Ciliax et al., 1995; Qian et al., 1995; Pickel and Chan, 1999; Schroeter et al., 2000) . When transfected into LLC-PK 1 cells, however, these same transporters were found in the basolateral membrane of transfected cells, and in MDCK cells, NET and SERT were localized basolaterally, whereas DAT was also found on the apical surface (Gu et al., 1996) .
Given that NaCl-coupled transporters for GABA, NE, and 5-HT are endogenously expressed in various epithelia (Balkovetz et al., 1989; Borden et al., 1992; Ramamoorthy et al., 1992; Yamauchi et al., 1992; Ramamoorthy et al., 1993) , it is appropriate to use cultured epithelial cell lines, such as MDCK, as model systems to identify determinants for the cellular localization of these proteins. It must be noted, of course, that information gleaned from the study of transporter sorting in epithelia may not be directly applicable to the neuronal setting. Although neurons also demonstrate polarized expression of these transporters, the signals utilized in the two cell types may not be the same. Similarly, the same sorting signals may be used but interpreted differently in the two cell types (depending on the compliment of accessory factors), leading to the possible misreading, in epithelial cells, of structural determinants that may be used as localization signals in neurons. These caveats notwithstanding, however, the identification of the signals that mediate a transporter's epithelial localization provides an extremely useful insight into the family of mechanisms that are likely to participate in establishing that protein's neuronal distribution Gu et al., 1996; Muth et al., 1998; Poyatos et al., 2000) .
Support for this contention can be found in the case of GAT-1 expression in MDCK cells, in which an apical localization signal was shown to reside in this protein's NH 2 -terminal region (Perego et al., 1997) . Localization in MDCK cells correlated with axonal localization in neurons. The GABA transporters GAT-2 and GAT-3 were found to sort to opposite poles of transfected MDCK cells, and the sorting signals responsible for this phenomenon were identified in Figure 3 . Alignment of the NH 2 termini from NET and DAT, their chimeric constructs and mutants. The NH 2 termini of DAT, DAT⌬nt, NntDAT, NET⌬2LL, NntDATm1, NntDATm2, NntDATm3, NntDATm4, NntDATm5, and NntDATm6 are aligned. The amino acid sequence from NET is in bold font and that from DAT is in plain font. The italic font represents regions where NET and DAT have the same sequence. Dashes represent the gaps in the sequence. The last three residues shown are from the first putative transmembrane domain. NET⌬2LL is a NET mutant with two dileucine motifs changed to alanines. DAT⌬nt was constructed by deleting 59 amino acid residues from DAT. NntDAT was constructed by attaching the corresponding NET NH 2 -terminus (55 residues) to the deletion mutant DAT⌬nt. NntDATm1, NntDATm2, and NntDATm3, are similar to NntDAT but with different portions of the 55-residue NET NH 2 -terminus added (residues 1-28, 1-19, and 27-55, respectively). NntDATm1, NntDATm2, and NntDATm3 were generated by site-directed mutagenesis. Thirty residues from the NH2-terminus of NET contain a basolateral sorting signal. X-Z cross sections of MDCK cells expressing NET/DAT chimeras and their mutants were generated with a laser scanning confocal microscope. The primary antibody used was the rat mAb raised against the large extracellular loop of human DAT. The secondary antibody was a rabbit anti-rat IgG antibody conjugated to FITC. For NET⌬2LL, the primary antibody was an rabbit antiserum (43411) raised against mouse NET 585-602 (Schroeter et al., 2000) , and the secondary antibody was a goat anti-rabbit IgG antibody conjugated to FITC. The transporter constructs are indicated below each panel and their sequences are shown in Figure 3 . the extreme COOH-terminus of both transporters (Muth et al., 1998) . Similarly, in the case of GLYT-1 and -2 dileucine motifs in the COOH-terminal region were identified as the signal utilized in both MDCK cells and cultured neurons (Poyatos et al., 2000) .
In this work we suggest that a basolateral localization signal is present in the hydrophilic region just before the first transmembrane domain of NET. This contrasts with the results obtained with GAT-2 and GAT-3, which contained COOH-terminal signals that directed these proteins to the basolateral and apical plasma membrane, respectively (Muth et al., 1998) and the COOH-terminal basolateral signal in GLYT-1 (Poyatos et al., 2000) . Deleting the terminal three residues from GAT-3, or modifying the COOH-terminus by addition of a c-myc epitope tag led to a form that was distributed to both apical and basolateral membranes of transfected MDCK cells (Muth et al., 1998) . However, in GAT-1, an apical localization signal was found in the NH 2 -terminal region (Perego et al., 1997) . Moreover, in GAT-3, we obtained preliminary evidence indicating that the NH 2 -terminus may contain targeting information. In the GAT-3 mutant where a COOH-terminal c-myc epitope masked the apical sorting information, deletion of the NH 2 -terminal hydrophilic region resulted in exclusive basolateral localization (Gu, Muth and Caplan, unpublished observations) . This result suggests that a cryptic apical signal may be present at the NH 2 -terminus of this protein and argues that multiple, hierarchical signals may be involved in establishing transporter distribution. As further evidence for this point, we observed here that although the two dileucine motifs were essential for the NET N-terminus to serve as a basolateral localization signal when attached to DAT, replacement of these residues with alanine in NET⌬2LL did not alter the basolateral localization of NET. Thus, NET also contains additional signals responsible for its basolateral localization.
The basolateral sorting of NET and SERT in MDCK cells and the lack of a basolateral sorting signal in the DAT NH 2 -terminus may be related to the endogenous expression of these biogenic amine transporters in various tissues. SERT and NET have been identified in at least one epithelium, the placental syncytiotrophoblast (Balkovetz et al., 1989; Ramamoorthy et al., 1993) , but DAT expression has been observed only in neurons. It is possible that NET contains the sorting signal identified here as a consequence of its expression in epithelial cells and the absence of that signal in DAT reflects the fact that DAT is not normally expressed in epithelia. Furthermore, the localization of any particular membrane protein may depend on the cell type in which it is expressed. For example, NET and SERT were found in the basolateral membranes of MDCK and LLC-PK1 cells (Gu et al., 1996) but are apical in the placental syncytiotrophoblast (Balkovetz et al., 1989; Ramamoorthy et al., 1993) . The reverse behavior was seen with the H,K-ATPase ␤-subunit, which contains a tyrosine-based sorting signal that localizes the protein to the basolateral membrane of MDCK cells and the apical face of LLC-PK1 cells (Roush et al., 1998) .
Evidence from studies with NET, DAT, and SERT suggests that regulation of these transporters by PKC involves endocytic removal from and reinsertion in the plasma membrane Blakely et al., 1998; Pristupa et al., 1998; Melikian and Buckley, 1999; Ramamoorthy and Blakely, 1999) . It is quite possible that the motifs identified here play a role in that process and that their effect on transporter distribution are exerted at the level of recycling endosomes.
It has been reported that dileucine motifs play important roles in surface delivery and localization of other proteins (Aiken et al., 1994; Matter and Mellman, 1994; Haney et al., 1995; Marsh et al., 1995; Gabilondo et al., 1997; Schulein et al., 1998; Poyatos et al., 2000; Sandoval et al., 2000) . In some cases, acidic or basic residues upstream from the dileucine motif have been implicated in their ability to serve as localization signals (Sandoval et al., 2000) . In the NET N-terminus, the first dileucine follows an Arg/Lys pair at i-4. However, the second dileucine is not similarly associated with charged residues, although this second dileucine motif exerts a greater influence than the first as a basolateral localization signal. Thus, association of charged residues with the dileucine motif does not play an influential role in this case. The absolute value of DA transport (100%) varied from 7.2 to 13.6 pmol/min/mg protein except for mutants m4, m5, and m6. Many of the cell lines were not clonal and represented a mixture of transfected and nontransfected cells. The 100% values for m4, m5, and m6 were 0.12, 5.4, and 5.6 pmol/min/mg protein, respectively, which was in approximate agreement with the percentage of transfected cells in the population.
H.H. Gu et al. Among transport proteins, the dileucine motif in the GAT-2 COOH-terminus was shown not to be required for basolateral sorting (Muth et al., 1998) , although the dileucine motif in GLUT4 was necessary for intracellular targeting (Haney et al., 1995) . In GLYT1, basolateral localization in MDCK cells required two dileucine motifs separated by 16 residues in the COOH-terminal region. Moreover, removal of either dileucine was found to alter the distribution of GLYT1 in cultured hippocampal neurons (Poyatos et al., 2000) . The results presented here show that two dileucine motifs separated by 10 residues also function in basolateral transporter localization when present in the NH 2 -terminal region and suggest that a pair of dileucine motifs may represent a general signal for basolateral transporter localization in epithelial cells.
